Magnetic resonance spectroscopy (MRS) can be used in vivo to differentiate types of neural activity, e.g., inhibitory and excitatory, and provide evidence for the involvement of different neurotransmitter systems in cognitive processes. The relatively low signal-to-noise of MRS measurements has shaped the types of questions that it has been used to address. In particular, temporal resolution is often sacrificed in MRS studies to achieve sufficient signal to produce a reliable estimate of metabolite concentration. Here we apply novel analyses with large datasets to reveal the dynamics of GABA+ and Glx in the visual cortex, and compare this with changes in the posterior cingulate cortex. We find that the dynamic concentrations of GABA+ and Glx in the visual cortex drifts in opposite directions, that is, GABA+ decreased while Glx increases over time. Further, we find that in both the visual and posterior cingulate cortices, the concentration of GABA+ predicts that of Glx ~30 sec later, such that an increase in GABA+ is correlated with a subsequent reduction in Glx. Together, these results expose novel temporal trends and interdependencies of primary neurotransmitters both locally, in the visual cortex, and globally, across multiple brain regions. More broadly, we demonstrate the feasibility of using MRS to investigate in vivo dynamic changes of metabolites.
INTRODUCTION
Magnetic resonance spectroscopy (MRS) can be used in vivo to measure the concentration of metabolites within the brain. Whereas the blood-oxygen-level-dependent signal measured using functional magnetic resonance imaging (fMRI) cannot distinguish between different systems of activity, e.g., excitatory and inhibitory, measuring the concentration of neurotransmitters within the brain with MRS can begin to differentiate between these systems. For the purpose of understanding neural mechanisms, identifying the involvement of neurotransmitter systems that support cognitive processes can be more informative than locating regions of neural representation.
A common approach used to identify metabolite involvement in cognitive processes with MRS is to measure the concentration of metabolites in a group of participants, within a brain region of interest, and test whether individual variance of a particular metabolite is related to performance on a task supported by the cognitive process. For example, concentration of the inhibitory neurotransmitter γ-aminobutyric acid (GABA) in the visual cortex is positively related with visual discrimination of orientation (Edden, Muthukumaraswamy, Freeman, & Singh, 2009; Kurcyus et al., 2018; Mikkelsen, Harris, Edden, & Puts, 2018) . This evidence has been interpreted as indicating that sharp neuronal tuning for orientation is supported by inhibition. Another, less common, approach used to identify metabolite involvement is to measure baseline metabolite concentration while a participant is "at rest" and compare this with another measurement taken while the participant performs a task. A difference metabolite concentration observed between the two measurements may be taken as evidence of its involvement in the cognitive processes supporting the task. For example, GABA concentration in the visual cortex is different when participants view stereoscopic images comprised of both light and dark features, compared to just light or dark features (Rideaux, Goncalves, & Welchman, 2019) . This has been interpreted as evidence for the increased involvement of inhibition in visual processing of combined light and dark features.
While MRS can be used to differentiate types of activity within the brain, compared to fMRI it is severely limited in terms of its temporal resolution, which is constrained by the signalto-noise ratio of measurements acquired using the technique. Although the duration that restricts the temporal resolution of MRS (i.e., the relaxation time) can be similar to that of fMRI (i.e., ~2s), in order to yield a reliable measurement of metabolite concentration from within the brain, multiple samples must be combined to reach a sufficient signal-to-noise ratio. For example, it is common to combine between 200-300 acquisitions (~10 min) to produce a single measure of metabolite concentration. This approach, while often necessary, obscures observation of changes in metabolite concentration that occur during this period.
Here we overcome the signal-to-noise limitation of MRS by applying temporal analyses of metabolite concentration to a large dataset of participants. We measure the dynamic concentration of GABA and Glx in the visual cortex of human participants while at rest, from a dataset containing 69 scans. We compare these results with data from the posterior cingulate cortex of 196 participants at rest (Mikkelsen et al., 2017 (Mikkelsen et al., , 2019 . To observe the dynamics of metabolites, we process the data in two ways. We first take a moving average of a ~6 min period, which reveals low frequency trends in the data. Next, using a new technique, we combine data across participants (rather than time), which allows us to track the concentration of metabolites with relatively high temporal resolution (6 sec) over a 13 min period. This novel approach exposes large changes in GABA+ and Glx, previously obscured by averaging over long durations. Further, we reveal a striking relationship between GABA+ and Glx, which is present in both datasets (i.e., visual and posterior cingulate cortices): a change in GABA+ predicts the opposite change in Glx ~30 sec later.
The relative low signal-to-noise of MRS has shaped the approaches with which the technique has been used to study the brain. Here we overcome this limitation by using a new technique that combines measurements across a large sample of data, which reveals novel dynamic trends and interactions within and between neurotransmitters.
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METHODS
Participants
Fifty-eight healthy participants from the University of Cambridge with normal or corrected-to-normal vision participated in the experiment. The mean age was 24.4 yr (range = 19.4-40.5 yr; 31 women). Nine of the participants, including the author (RR), repeated the experiment twice and one participant repeated three times, on different days; thus, the total number of scans was sixty-nine. Participants were screened for contra-indications to MRI prior to the experiment. All experiments were conducted in accordance with the ethical guidelines of the Declaration of Helsinki and were approved by the University of Cambridge STEM and all participants provided informed consent.
Data collection
Participants underwent a MR spectroscopic acquisition targeting the visual cortex at the Cognition and Brain Sciences Unit (Cambridge, UK). During the acquisition, the lights in the room were turned off and participants were instructed to close their eyes. To compare these with data measured from another brain region, we reanalysed previously gathered MR spectroscopic data targeting the posterior cingulate cortex (Mikkelsen et al., 2017 (Mikkelsen et al., , 2019 . For the purpose of further comparison, we also reanalysed data from a study investigating metabolite concentrations in the visual cortex under different viewing conditions (Kurcyus et al., 2018) .
Data acquisition
Magnetic resonance scanning targeting visual cortex was conducted on a 3T Siemens Prisma equipped with a 32-channel head coil. Anatomical T1-weighted images were acquired for spectroscopic voxel placement with an 'MP-RAGE' sequence. For detection of GABA+ (GABA and co-edited macromolecules) and Glx (a complex comprising Glutamate and Glutamine), spectra were acquired using a MEGA-PRESS sequence: TE=68ms, TR=3000ms; 256 transients of 2048 data points were acquired in 13 min experiment time; a 14.28 ms Gaussian editing pulse was applied at 1.9 (ON) and 7.5 (OFF) ppm; water unsuppressed 16 transients. Water suppression was achieved using variable power with optimized relaxation delays (VAPOR) and outer volume suppression (OVS). Automated shimming followed by manual shimming was conducted to achieve approximately 12 Hz water linewidth.
The following data from the "Big GABA" dataset was used in the current study: G4, G5, G7, G8, P1, P3, P4, P5, P6, P7, P8, P10, S1, S6, & S8. We used the macromolecule unsuppressed acquisitions from these datasets for closer comparison with the visual cortex data, and we excluded data from G1 and G6 as these had fewer acquisitions. A detailed description of the data acquisitions for these datasets can be found in (Mikkelsen et al., 2017 (Mikkelsen et al., , 2019 . To summarize the procedure, magnetic resonance scanning targeting posterior cingulate cortex was conducted on 3T Siemens, GE, and Phillips scanners equipped with 8-, 32-, or 64-channel head coils. Spectra were acquired using a MEGA-PRESS sequence:
TE=68ms, TR=2000ms; 320 transients of either 2048 or 4096 data points were acquired in 12 min experiment time; a 15 ms Gaussian editing pulse was applied at 1.9 (ON) and 7.5 (OFF) ppm.
Spectra were acquired from a location targeting visual cortex, i.e., V1/V2 (Fig. 1a) , and posterior cingulate cortex (Fig. 1b) . The voxel targeting the visual cortex (3×3×2 cm) was placed medially in the occipital lobe; the lower face aligned with the cerebellar tentorium and positioned so to avoid including the sagittal sinus and to ensure it remained within the occipital lobe. The voxel targeting the posterior cingulate cortex (3×3×3 cm) was positioned in the medial parietal lobe and rotated in the sagittal plane to align with a line connecting the genu and splenium of the corpus callosum. The DICOM of the voxel location was used as a mask to calculate the volume of grey matter (GM), white matter (WM), and cerebral spinal fluid (CSF) within each voxel. The proportion of grey matter (GM), white matter (WM), and cerebral spinal fluid (CSF) in each voxel was used to apply a CSF-correction (Kreis, Ernst, & Ross, 1993) to the metabolite measurements with the following equation:
where and are the CSF-corrected and uncorrected metabolite concentrations, respectively, and and are the proportion of GM and WM within the voxel.
Segmentation was performed using the Statistical Parametric Mapping toolbox for MATLAB (SPM12, http://www.fil.ion.ucl.ac.uk/spm/). In addition to the abovementioned primary datasets, we also reanalysed a subset of the data from (Kurcyus et al., 2018) ; scans for which the authors had access to in individual acquisition format (as opposed to a scan average). The dataset we reanalysed comprised 29, 27, and 28 measurements from an MRS voxel targeting V1, while participants had their eyes closed, open in darkness, or open while viewing an alternating checkerboard stimulus, respectively. A detailed description of the data acquisitions is provided in (Kurcyus et al., 2018) . To summarize the procedure, magnetic resonance scanning targeting visual cortex was conducted on a 3T Siemens Biograph mMR system equipped a 12-channel head coil.
Spectra were acquired using a MEGA-PRESS sequence: TE=68ms, TR=2000ms; 256 transients of 2048 data points were acquired in 8.6 min experiment time; editing J-refocusing pulse irradiated at 1.9 (ON) and 7.5 (OFF) ppm.
Data processing
Spectral quantification was conducted in MATLAB using GANNET v3.1 (Edden, Puts, Harris, Barker, & Evans, 2014; www.gannetmrs.com) and in-house scripts. Individual spectra were frequency and phase corrected to the Choline and Creatine peaks. Total creatine (tCr) signal intensity was determined by fitting a single Lorentzian peak to the mean non-edited spectra. N-acetylaspartate (NAA) signal intensity was determined by fitting a single Lorentzian peak to the mean 'OFF' spectra. 'ON' and 'OFF' spectra were subtracted to produce the edited spectrum ( Fig. 1c & d) , from which GABA+ and Glx signal intensity were modelled off singleand double-Gaussian peaks, respectively. Intensities of GABA+, Glx, and NAA were normalized to the commonly used internal reference tCr (Jansen, Backes, Nicolay, & Kooi, 2006) , yielding relative concentration values (i.e., GABA+:tCr, Glx:tCr, and NAA:tCr; Fig. 1e ).
The tCr signal is acquired within the same MEGA-PRESS acquisitions as the target metabolites; thus, normalization of GABA+, Glx, and NAA to tCr minimizes the influence of subject movement during the scan and eliminates the effects of chemical shift displacement (Mullins et al., 2014) . Further, if changes occur during the acquisition which alter the entire spectrum (e.g., changes in signal strength, line width, or dilution associated with changes in blood flow (Ip et al., 2017) ) this will produce no change in the ratio of target metabolites to tCr. Table 1 shows the average full width at half maximum (FWHM) and frequency drift of the "static" spectra, i.e., spectra averaged across all acquisitions, across subjects for measurements taken from the visual cortex (VC) and posterior cingulate cortex (PCC) from the primary datasets. The fitting error for GABA+, Glx, NAA, and tCr were divided by the amplitude of their fitted peaks to produce normalized measures of uncertainty. The average fit error for each metabolite was relatively low ( Table 1 ; Mullins et al., 2014; Rowland et al., 2016) . One outlier was omitted from the posterior cingulate cortex dataset prior to calculation of the summary statistics shown in Table 1 . 
Low resolution dynamic analysis
For the low-resolution dynamic analysis of the visual cortex data, we used a sliding window (width, 128 acquisitions; step size, 2 acquisition) to measure average metabolite concentration as it changed over the course of the run (256 acquisitions/768 sec). For the posterior cingulate cortex data, we matched the duration of the sliding window width to the that used for the visual cortex data by including more acquisitions (width, 192 acquisitions; step size, 2 acquisition), and measured metabolite concentrations as they changed over the course of the run (320 acquisitions/640 sec). Prior to running analyses, metabolite concentration data were screened to remove noisy and/or spurious quantifications. In particular, we removed individual traces for which the concentration changed by more than 50% (GABA+/Glx) or 5% (tCr/NAA) or the standard deviation was greater than three standard deviations from the average standard deviation. This resulted in omission of data from three subject's data in the visual cortex analyses and 8, 7, and 3 subjects from the posterior cingulate cortex analysis of GABA+, Glx and NAA, respectively. To remove spurious significant differences in the time course, a cluster correction was applied. Clusters were defined by the sum of their constituent (absolute) t-values and compared to a null hypothesis distribution of clusters produced by shuffling the time labels (1000 permutations); positive and negative t-value clusters were treated sepatarely. Clusters below the 95 th percentile of the null hypothesis distribution were disregarded.
High resolution dynamic analysis
The temporal resolution of MRS is severely limited by signal-to-noise ratio of individual spectra. That is, to achieve the signal-to-noise ratio required to yield an accurate metabolic measurement, many individual spectra must be combined. In the low-resolution dynamic analysis, to achieve sufficiently high signal we combined multiple (128) spectra within the same subject. This method produces a dynamic trace for each participant; however, the smoothing produced by the sliding window approach may obscure both the true magnitude of metabolic change over time and dynamic changes occurring at higher frequency. Thus, to achieve higher temporal resolution, we averaged individual 'ON' and 'OFF' spectra across participants to produce a single trace (temporal resolution, 2 acquisitions), with no smoothing, for each condition. Note, due to the necessity of large a sample size, this analysis was only performed with the primary datasets. Prior to running analyses, metabolite concentration data were screened to remove noisy and/or spurious quantifications. Specifically, we removed relative concentration values (GABA+/Glx:tCR) that were above 0.4 before removing values that were more than three standard deviations from the mean. This resulted in omission of six GABA+:tCr data points from the posterior cingulate cortex analysis. To remove spurious significant differences in the cross-correlation analyses, a bootstrapping correction was applied. A null hypothesis coefficient distribution was produced by shuffling the time labels (5000 permutations). We calculated correlation values at ten different lags; to correct for multiple comparisons we used a Bonferroni corrected alpha value to determine the critical coefficient value for each null hypothesis distribution. Thus, coefficient values below the 0.50 th percentile of the null hypothesis distribution of cross-correlation analyses were disregarded.
RESULTS
Low resolution temporal dynamics of GABA and Glx
Using a sliding temporal window analysis, we quantified change in the concentration of GABA+ and Glx measured from MRS voxels targeting visual and posterior cingulate cortices over the course of 13 and 12 min periods, respectively. We found that in the visual cortex GABA+ significantly decreased (~4%) while Glx significantly increased (~2%) over the course of the period (Fig. 2a) . By comparison, we found that in the posterior cingulate cortex there was no significant change in either GABA or Glx (Fig. 2b) . Given that we referenced GABA+ and Glx to tCr, a possible concern is that the changes in metabolite concentration observed in the visual cortex reflect changes in tCr, as opposed to GABA+ or Glx. However, this is unlikely as we did not find similar changes in NAA, which was also referenced for tCr (Fig. 2a) . For each voxel location, we assessed whether there were relationships between different static metabolite concentrations or changes in different concentrations. For static measurements, we averaged across all 256/320 acquisitions. The results of the analysis are shown in Table 2 . For static metabolite concentrations, we found a positive relationship between Glx and NAA measured from both visual and posterior cingulate cortex. We also found a positive correlation between GABA+ and NAA in the visual cortex, and between GABA+ and Glx in the posterior cingulate cortex. By contrast, we found no relationships between the change in different metabolite concentrations. (Kurcyus et al., 2018) . This work revealed that GABA+ concentrations were higher when participants had their eyes closed, compared to open in darkness, while Glx concentration was lower when participants eyes were closed, compared to when receiving visual stimulation. We did not acquire data from participants under different viewing conditions; however, we found that the concentration of GABA+ and Glx changed over the course of the scan when participants had their eyes closed. As a further test of this result, we reanalysed the data from Kurcyus et al. (2018) , henceforth referred to as the K-dataset, using our dynamic sliding analysis.
As a sanity check, we first analysed the K-dataset using the standard static analysis, replicating the pattern of results found in the previous study ( Fig. 3a-b ; Kurcyus et al., 2018) .
Additionally, we applied this analysis to NAA, for which we found no significant differences between conditions (Fig. 3c) . We then applied a sliding temporal window analysis to the data to test for dynamic trends in metabolite concentration. We found there was an increase in Glx and NAA in the stimulus condition, however, we found no other significant differences for GABA+, Glx, or NAA across the three conditions ( Fig. 3d-f) . The eyes closed condition of the K-dataset is analogous to our previously presented visual cortex dataset, so we may have expected to find a similar pattern of results, i.e., a decrease in GABA+ and an increase in Glx.
However, the scan duration of the K-dataset was only two thirds that of ours. Indeed, in the period captured by the sliding window analysis of the K-dataset, Glx in our dataset had not yet significantly risen above zero and GABA+ had only just begun to reduce significantly below zero (Fig. 3d, dotted lines) . Further, there is fewer than half the number of scans in the K-dataset, thus less power to detect a difference. Despite these differences, the numerical pattern of results from the closed eyes condition of the K-dataset is similar to ours: the average change in concentration GABA+ and Glx is always negative and positive, respectively. By contrast, while in the eyes open and stimulus conditions the average change in concentration of Glx is always positive, GABA+ is less consistently negative than in the eyes closed condition. 
High resolution temporal dynamics of GABA and Glx
In the previous analysis we used a temporal sliding window to measure change in metabolite concentrations over time. The signal-to-noise of MRS measurements constrains the minimum window size that can be applied with this analysis. To overcome this limitation, we used a novel approach in which measurements are combined across subjects to achieve the maximum temporal resolution afforded by the relaxation time of the acquisition, e.g., 3 sec.
In the visual cortex, we found change in GABA+, relative from the first measurement, was primarily negative, with a minimum of -25%, while change in Glx was primarily positive, with maximum of 16% (Fig. 4a) . These results are consistent with those from the previous analysis, except the higher temporal resolution obtained with the current approach revealed considerably larger changes in metabolite concentration than the previous estimates, which were likely obscured by smoothing measurements across the temporal window. In the posterior cingulate cortex, we found that change in both GABA+ and Glx was primarily negative, and similar in amplitude (Fig. 4b) .
While GABA and Glx are thought to support opposing mechanisms in the central nervous system, i.e., inhibition and excitation, it seems reasonable to expect interactions between these metabolites. For example, Gln is a primary source of GABA synthesis (Patel, Rothman, Cline, & Behar, 2001; Paulsen, Odden, & Fonnum, 1988; Rae et al., 2003) . Indeed, we found that the static concentration of GABA+ and Glx were positively related in the posterior cingulate cortex. However, we found no evidence for a relationship between the overall changes in these metabolites in either the visual or posterior cingulate cortex (Table   2) . One reason for this may be that the relationship between these metabolites may only be observed at a temporally high resolution, but not averaged across a 12/13 minute period. To test this hypothesis, we used the high temporal resolution metabolite measurements to perform cross-correlation analyses on GABA+ and Glx concentration. ; Fig. 4c , top) sec later. In particular, an increase in GABA+ predicted a decrease Glx both 18 and 30 sec later. By contrast, Glx was not found to predict GABA+ at any lag within a range of 60 sec. For the posterior cingulate cortex, we found a strikingly similar pattern of results: GABA+ significantly predicted Glx (lag=32 sec, time points=143, Pearson r=-.21, P=.013; Fig. 4c, bottom) at the lag nearest that found for the same relationship in the visual cortex (30 sec). Further, the direction of prediction was the same in both visual and posterior cingulate cortices, that is, an increase in GABA+ predicted a subsequent decrease Glx.
A possible concern is that the relationship between GABA+ and Glx was the influenced by their common reference metabolite (tCr). However, we found that GABA+ also predicts Glx concern with this new analysis is that the signal-to-noise ratio is insufficiently high to yield valid measurements, e.g., due to poor peak fitting. To assess the validity of the measurements, we attempted to reproduce the results from the low-resolution temporal analysis by applying a sliding window to the high-resolution metabolite trace. If the high-resolution measurements are valid, we should see a correspondence between the average results from the lowresolution analysis and those produced by applying a sliding temporal window to the highresolution measurements. For the visual cortex, we found a very high correlation between the measurements produced by the two analyses for both GABA+ (n=65, r=.988, P<1.0e ). For the posterior cingulate cortex, we also found a significant correspondence between the two measurements (GABA+: n=65, r=.720, P<1.0e 
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DISCUSSION
MRS can be used in vivo to differentiate types of neural activity, e.g., inhibitory and excitatory, and provide evidence for the involvement of different neurotransmitter systems in cognitive processes. In MRS studies, temporal resolution is typically sacrificed to achieve sufficient signal-to-noise ratio to produce a reliable estimate of metabolite concentration. Here we use novel analyses with large datasets to reveal the dynamics of GABA+ and Glx in visual and posterior cingulate cortices. We replicate previously established relationships between metabolites measured using the standard approach. We use a sliding window approach to
show that the dynamic concentrations of GABA+ and Glx in the visual cortex drifts in opposite directions, that is, GABA+ decreases while Glx increases over time. We then use a new method of combining MRS measurements across subjects, as opposed to time, to produce a high temporal resolution index of metabolite concentration. Using this approach, we find that in both the visual and posterior cingulate cortices, the concentration of GABA+ predicts that of Glx ~30 sec later, such that an increase in GABA+ is correlated with a subsequent reduction in Glx.
Dynamic response of GABA and Glx in the visual cortex
Several studies have investigated GABA and/or Glx/Glu concentration in the visual cortex in response to different viewing conditions. Mekle et al. (2017) found a ~5% reduction in GABA concentration in response to visual stimulation. By contrast, while Kurcyus et al. (2018) reported that GABA was 16% lower when participants had their eyes open with no visual stimulation compared to when closed, they, like others (Bednařík et al., 2015; Mangia et al., 2007; Schaller, Mekle, Xin, Kunz, & Gruetter, 2013) , found no evidence for a difference in GABA in response to visual stimulation. Based on these somewhat inconsistent findings, one may infer that visual stimulation, or merely having the eyes open, leads to a reduction in the concentration of GABA in the visual cortex. Extending this rationale, one could predict that closing the eyes should produce an increase in GABA. By contrast, we found the opposite result: during a 13 min period of resting, in which participants' eyes were closed, the concentration of GABA+ in the visual cortex reduced on average by ~4%.
Our reanalysis of data comparing metabolite concentration in the visual cortex under different viewing conditions suggests that these results may not be mutually exclusive.
Consistent with the original study, we found that static measurements of GABA+ indicated concentrations were higher when participants had their eyes closed. Despite this, dynamic analysis of the data indicated a trend towards reduction in concentration over time. This pattern of results was more consistent when participants had their eyes closed than when open in the darkness or during visual stimulation. Indeed, our results are consistent with previous work showing that monocular deprivation leads to reduced GABA concentration (~8%) in the visual cortex, but not the posterior cingulate cortex, relative a pre-deprivation baseline measurement (Lunghi, Emir, Morrone, & Bridge, 2015) . Thus, our finding that GABA is reduced when both eyes are closed may indicate that visual deprivation, either monocular or binocular, produces a reduction in the concentration of GABA in the visual cortex.
Previous observations of Glx concentration in the visual cortex have been more consistent; several studies have shown Glx/Glu concentration increases (2-4%) in response to visual stimulation (Bednařík et al., 2015; Hall, Barnes, Furlong, Seri, & Hillebrand, 2010; Kurcyus et al., 2018; Lin, Stephenson, Xin, Napolitano, & Morris, 2012; Mangia et al., 2007; Schaller et al., 2013) . Similar to our results for GABA, our observation that Glx increases with the eyes closed appears to defy previous findings. However, as previously noted, while our results may be surprising, they are not mutually exclusive with the findings of previous studies.
Clearly, more work is needed it disambiguate changes in metabolite concentration that occur in the visual cortex at different time scales.
To produce a high temporal resolution measure of metabolite concentrations, we applied a novel approach in which we combined MRS acquisitions across subjects, rather than time. This approach yields a single measurement of metabolite concentration as a function of time; thus, we cannot test the statistical significance of the changes observed over time.
However, it is reasonable to assume that the changes observed using the sliding temporal window or static approaches underestimate the true magnitude of change, due to averaging.
Measurements produced by combining acquisitions across subjects provide an indication of the true magnitude of change in GABA+ and Glx during the scan: up to ~20% for GABA+ and ~5% for Glx.
Dynamic relationship between GABA and Glx
A common factor of studies of GABA and Glx/Glu in the visual cortex is that these metabolites consistently change in opposite directions, and not in the same direction (Kurcyus et al., 2018; Mekle et al., 2017; Rideaux et al., 2019) . This pattern would suggest an interdependency between the two metabolites. Given that Gln is a primary source of GABA synthesis (Patel et al., 2001; Paulsen et al., 1988; Rae et al., 2003) , one may expect that a change in the concentration of GABA may result in a corresponding change in Glx (Gln and Glu), or vice versa. In line with this, our high temporal resolution analysis of the data revealed a striking cross-correlation between these metabolites which was evident in both the visual and posterior cingulate cortices. Specifically, we found that the concentration of GABA+ predicts the concentration of Glx ~30 sec later. This relationship is obscured by conventional approaches of MRS analysis; indeed, we found no evidence for a relationship between the overall change in GABA+ and Glx in either location.
A limitation of MRS is that it measures the total concentration of neurochemicals within a localized region and cannot distinguish between intracellular and extracellular pools of GABA. It is generally thought that intracellular vesicular GABA drives neurotransmission (Belelli et al., 2009) , whereas extracellular GABA maintains tonic cortical inhibition (Martin & Rimvall, 1993) . Synthesis of intracellular GABA from Gln via the GABA-Gln cycle occurs on the scale of milliseconds, so it seems unlikely that this metabolic association could explain the predictive relationship between GABA and Glx concentration 30 sec later. Instead, this relationship may reflect changes in the level of extracellular GABA, followed by relatively sluggish changes in the concentration of Glu to maintain the balance of inhibition and excitation.
Conclusion
The relatively low signal-to-noise of MRS measurements has shaped the types of questions that the technique has been used to address. Here we overcome this limitation by combining data from large cohorts to examine the dynamics of GABA and Glx concentration in the visual cortex. Through use of existing and novel analyses, we reveal opposing dynamic shifts in GABA and Glx in the visual cortex while participants are at rest. Further, we demonstrate a predictive relationship between GABA and Glx that is present in both visual and posterior cingulate cortices. This study exposes temporal trends of primary neurotransmitters in the visual cortex, but more generally, these findings demonstrate the feasibility of using MRS to investigate in vivo dynamic changes of metabolites.
